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ABSTRACT 
The Iberian Peninsula possesses a particular richness of inland saline lakes which mainly occur in three endorheic regions in 
Aragón, La Mancha and Andalucía. The distribution of benthic microbial mat communities in these lakes is described and rela- 
ted to the ionic composition, salinity fluctuations, inundation period and sediment features. It was found that the cyanobacte- 
rium Microco1eu.s chthonoplastes is the most widespread species that occurs under a whole range of environmental conditions 
among which e.g., high Na+, high Mg2+ and high pH. The species composition and the annual cycle is described in more detail 
for four different mat types. Finally, the scientific and naturalistic values of the microbial mats in inland lakes are discussed. We 
propose that the presence of interesting microbial communities should be used as an important element for wetland conserva- 
tion policies. 
INTRODUCTION 
Microbial mats are benthic communities dominated by 
microorganisms which form cohesive layers at the sediment 
surface. Commonly, these layers can be peeled off the sedi- 
ment and, apparently, the ecosystem owes its name to this 
feature. Phototrophic oxygen-producing microorganisms 
which include cyanobacteria and algae, are primary produ- 
cers in most microbial mats. In addition, a large chemoor- 
ganotrophic bacteria1 flora thrives on the excretion products 
and dead material from the phototrophs. Due to the high 
respiration activities, anoxic conditions are established only 
a few tenths of mm below the zone of oxygen photosynthe- 
sis (REVSBECH et al., 1983). In the anoxic zone, sulphate- 
reducing bacteria produce sulphide. Hence, sulphide-oxidi- 
zing bacteria comprising phototrophic and chemotrophic 
sulphur bacteria often form clearly visible laminas at the 
oxygen-sulphide interface just below the oxygenic photo- 
trophs. 
Dense layers oí' benthic oxygenic phototrophs only deve- 
lop if animal grazing is repressed and competition from 
macrophytes is virtually absent. Therefore, microbial mats 
only develop in extreme environments and are commonly 
found at high temperatures along the outflow of thermal 
wells, temporarily flooded plains in marine environment and 
hypersaline environments. In this volume, microbial mats 
on coastal plains are described by ESTEVE et al. (1992) and 
those found in coastal salinas are described by DE WIT & 
GRIMALT ( 1992). 
Continental saline and hypersaline lakes occur worldwide 
in semiarid climates (WILLIAMS, 1986) and are also a 
charactefistic feature of the Iberian peninsula (MONTES & 
MARTINO, 1987). An extensive literature study on micro- 
bial mats in inland saline lakes has been published by 
BAULD (1981). Different mats have been found in the lakes 
of the Great Rift Valley (Africa), the deserts of America and 
Australia. More information on mats in Australian lakes is 
provided by BAULD (1  986). However, studies of microbial 
mats in inland salt lakes are restricted and mainly focused 
on descriptions of cyanobacterial and algal species. Thus, 
most current research on microbial mats that addresses more 
fundamental ecological and physiological questions, has 
been performed in thermal and coastal environments only. 
Nevertheless, Spanish inland salt lakes encompass a much 
wider variety of ionic composition types (MONTES & 
MARTINO, 1987), seasonal fluctuations and sediment 
features than the thalassic water bodies. We will focus on 
the fact that these diverse inland environments represent an 
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ideal research object to study which environmental factors 
allow the formation of microbial mats. 
ABUNDANCE AND VARIETY OF INLAND 
SALT LAKES IN SPAIN 
The presence of inland saline lakes is one of the most 
original limnological elements of the Iberian Peninsula. 
These waterbodies are associated with endorheic phenomena 
in semiarid ciimates and, in Western Europe, are thus confi- 
ned to Spain. These lakes occur in groups known as limno- 
logical districts os endorheic centers. Their distribution is 
shown in figure l .  In this figure we did not include the 
subsaline lakes (up to 10 g/L salinity) as for example found 
in the Duero basins. As a rule, no microbial mats were found 
in these lakes. However, an exception was made for the 
highly alkaline (pH 9.5 to 11) soda lakes found close to 
Coca (Segovia), since some interesting mats have been 
found in thcm. 
Figure 1. Map of the Iberiari Peninsula indicating the occurrence of 
microbial mats in inland saline or alkaline lakes (closed 
circles=saline lake with conspicuous microbial mats; open 
circles=saline lake in which no microbial mats have been found so 
far; closed square=subsaline soda lake ( p H 9 . 5 )  with microbial 
mats: open squares=subsaline soda lakes without conspicuous 
microbial mats). 
The ionic composition of the iriland saline lakes has been 
studied previously by COMIN & ALONSO (1988) and 
MONTES & MARTINO (1 987). In summary, the Spanish 
inland lakes encompass a wide spectrum of ionic types: in 
the Andalucian lakes sodiurn predominates with either chlo- 
ride of sulphate as the dominant anion; the lakes in La 
Mancha mainly contain magnesium sulphate; and the lakes 
in Aragón encompass a whole range from sodium chloride 
to magnesium sulphate. The unique permanent lake "La 
Salada de Chiprana" belongs to the magnesium sulfate type 
(GUERRERO et al., 1991). Strikingly, the highly alkaline 
lakes close to Coca (Segovia) are of the sodium carbonate 
type and, thus, are typical examples of soda lakes. 
The Spanish continental salt lakes encompass a broad 
variety of different physico-chemical conditions, seasonal 
fluctuations and sediment features. Lake Chiprana (Sp. 
"Salada de Chiprana") (Chiprana, Zaragoza) is the only deep 
permanent hypersaline lake found in Spain. This lake is stra- 
tified during almost the entire year, has a maximum depth 
of 5.6 m and a total surface of 31 ha; the general physico- 
chemical and geomorphological features have been descri- 
bed by GUERRERO rt al. (1991). In contrast, al1 other 
Spanish saline lakes are shallow and temporal water basins 
which contain water during 3 to 10 months of the year. 
During the inundation periods, the water leve1 and conco- 
mitantly the salinity of these shallow lakes is subjected to 
extreme temporal fluctuations. 
Figure 2 shows the fluctuations of the salinity during the 
studied periods as found in the temporal shallow lake "La 
Dehesilla" (Cuenca, Manchego endorheic district) (period 
1988- 1989) and the permanent saline lake Chiprana (1 989). 
In "La Dehesilla" the salinity fluctuations amounted to a 
factor five (20 to 100 g/L). In contrast, in lake Chiprana, the 
salinity was remarkably constant in the anoxic bottom layer, 
while the salinity fluctuations of the oxic top layer were 
aproximately two and half fold (30 to 73  g/L). During the 
year 1989, Lake Chiprana was only once overturned during 
the stormy days of October: S o  far, it is not known if the 
overturn was an uncommon event os is repeated every year. 
Hence, this lake can not be classified yet as mono- of mero- 
mictic. 
AN OVERVIEW OF THE MICROBIAL MATS 
FOUND IN THE SPANISH INLAND SALT 
LAKES 
One of the most interesting examples of consistent micro- 
bial mats in Spanish inland lakes is found in the unique perma- 
nent hypersaline Lake Chiprana. The sediments of gentle slope 
from about 1.5 m water depth up to the shore, are covered 
with microbial mats alternated with prairies of the macrophyte 
R~cppia mur.irimu vas. mur.itimu. Both communities are clearly 
segregated in space. Very thick (4-9 mm) and cohesive mats 
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Figure 2. Seasotial varintioil ol ilie saliiiii~cs i i i  tho  i i i l i i i i< l  lahe\: Tlic \aliiie to hqpersuliiie 1emporai.y shalloh lake "La Dehesilla" (La 
Mancha) (hydrological cycle 1988-89); The hypersaliiie pei-maiient lake "La Salada de Chiprana" (Bajo Aragón) (hydrological cycle 
1989). 
are found on the sediments permanently covered by water. In 
contrast, the mats in the littoral zone which are only tempora- 
rily submerged, are thin and fragile. 
The majos mat-forming organism in lake Chiprana is the 
filamentous and bundle-forming cyanobacterium Mic,l-o<,o- 
1eu.s <~hthono/?la.stes. Figure 3 shows a schematical drawing 
of the stratification of microbial popuiations during summer 
in submerged mats. Along a vertical thickness of 4 to 9 mm, 
several layers can be distinguished. The surface layer is 
composed primarily by diatoms and unicellular cyanobacte- 
ria belonging to the genera Glorocapsu, and .Tynechoc.occ.us. 
Below, several green layers can be distinguished, which 
consist mainly of Micr-ocoleus chthonoplastes together with 
other filamentous and unicellular cyanobacteria. These 
layers are rich in trapped sediment particles. Tlie filamen- 
t o ~ i s  species include: Osci1laroi.i~ ( O .  cf. nigr-oi~i1.idi.s 
Geitler), Spii.itlina, Pse~ldocrnahaena, Phor-midiurn (Geitler). 
Unicellular cyanobacteria are represented as cominon 
members by gen. Gloc,oc,apsa and ~ne( .hococci t , s .  Other 
morphologically conspicuous bacteria found in the mat 
include Bc~~gia tou  sp.. Spir.illum sp., and filamentous bacte- 
ria which resemble the green phototrophic bacterium Chlo- 
i.qf1e.r~~. Below the mat, a black sulphide-containing sedi- 
rrieirt is found. as a result of the activity of sulphate-redu- 
cing bacteria. 
The most conspicuous changes found in the permanently 
submerged mats of Lake Chiprana during a year cycle are 
summarized in figure 4. Characteristically, during most time 
of the year, the top of the mat presents picks formations, 
known as "pinnacle mat" which have also been described 
for mats in the thermal environment (BROCK, 1978). Pinna- 
cle formation is originated by the grouping and vertical to 
oblique orientation of M. c,hrhonopkisres bundles. The quan- 
titative irnportance of the other cyanobacteria except M. 
c~hthorzop1aste.s differs along the annual cycle. In summer 
time, underneath the cyanobacterial layer, a thin red colou- 
red layer was found. This layer. which never cxceeded 1 mm 
thickness, consists of phototrophic purple sulfur bacteria. 
The representatives of the genera Chr.ornuti~lm and Thiospi- 
l-illi~nz predominate. In winter time, these phototrophic orga- 
nisms can be lound dispersed in between the cyanobacterial 
layer. Conceivably, these mat scasonal variations may be 
related to seasonal fluctuations of several physico-chemical 
factors. 
Among the temporal shallow lakes studied so far, cohe- 
sive mats with Microco1e~l.s chthonoplastes as the main mat- 
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Figure 3. Drawiiiph of the iiiaiii phototi-ophic nnd clieiiiotrophic 
organisms found in microbial mats in four inland saline lakes. a: 
diatoms; b: Gloeocapsa; c: Synechococcus; d: Microcoleus; e: Osci- 
Ilatoria; f: Pseudoanabaena; g: LPP; h: Spirulina; i: Chromatium; j: 
Thiospirillum; k: Anabaena; 1: Beggiatoa; m: eukaryotic green 
algae; A: green layer; B: red layer; D: white layer; C: sediment. 
(Drawing made by Ana Isabel López) 
forming organism have been found in "La Muerte" and in 
"Guallar" in the Aragón endorheic center (Monegros, Zara- 
goza) and in "Alcahozo" in La Mancha (Ciudad Real). The 
total asea of the submerged sediments in these lakes is colo- 
nized by the rnat, and macrophytes are not present. During 
the summer, these lakes are dry and the benthic communities 
form typical drought crusts, in which the microorganisms 
survive in a physiologically inactive form. However, the 
organisms rapidly become active again upon inundation of 
the lake. 
Microcoleus chthonoplastes is also the dominant mat- 
forming cyanobacterium in a the alkaline hyposaline soda 
lake "Caballo Alba" (Coca, Segovia). This lake has a pH of 
10.5-1 1 and a concentration of dissolved salts of 3-4 g/L. 
Cohesive mats can be found in dispersed patches on submer- 
ged sediments. 
A different kind of cohesive mat was found in lake "La 
Dehesilla" (La Mancha basins, Cuenca). A thin flexible 
green sheet covers the submerged sediments. The dominant 
mat-forming organisms in this mat are the large size unice- 
lular cyanobacteria, presumably G1oeocap.s~ sp., and diffe- 
rent very thin filamentous cyanobacteria belonging to the 
LPP-B group. This mat also forms a drought crust during the 
dry periods which persists in this lake for approximately 
nine months. The schematic drawing of the mat is shown in 
figure 3, and the yearly cycle, in figure 4. 
Another type of mat was found in the hypersaline lake 
"Longar" (La Mancha). This lake is hypertrophic due to the 
input of waste water from the adjacent village Lillo. The 
surface of exposed wet sediments is covered by a cohesive 
mat composed of two morphologicaly distinct types of 0sc.i- 
Ilator-iu with minor contributions of Pseudoanabaena and 
LPP-forms. Under the green superficial layer (of 1-2 mm 
thickness), a thin red layer of photosynthetic purple sulphur 
bacteria developed. The highly eutrophic water column, that 
has a green colour due to a phytoplanktonic bloom, severely 
attenuates the irradiance at the sediment surface. As a result, 
the submerged microbial mats become detached and float on 
the water. The schematic drawing of microbial population 
and also the yearly cycle are shown in figures 3 and 4 
respectively. 
For the remainder of the saline temporal lakes studied so 
far, microbial mats occur only as very thin green layers. 
These occur in dispersed patches on exposed sediments 
which remain in a moisty state due to capillary rise of 
subsurface water. Characteristically, these mats loose cohe- 
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Figure 4. Schematic representation of the seasonal variation of the benthic coniinuiiities iii lour iiilaiid \aliiic lahes ("La Salada de Chiprana" 
(Bajo Aragón); "Longar" (La Mancha); "La Albardiosa" (La Mancha); "La Dehesilla" (La Mancha). 
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siveness and become detached from the sediments upon However, presently, it is known that some lakes never 
flooding at the onset of the inundation period. M a t - b u i 1- contain microbial mats. An intriging case is presented by 
ding organisms in such thin microbial mats include Oscilla- lake "Piñol" (Aragones center, Monegros, Zaragoza) a 
toria subbrevis (as e.g. in "Carravalseca", Alava) and hypersaline lake which never contains microbial mats and 
Anabaena sp. (as e.g. in "La Albardiosa", La Mancha, located only 500 m apart from lake "La Muerte" with very 
Toledo). cohesive mats. Apparently, the climatological and physico- 
A very interesing succession has been found during a chemical properties of both lakes are very similar. Concei- 
year-cycle (1991) in lake "La Albardiosa" (Toledo), which vably, the sediment features are another important prerequi- 
is depicted in figure 4. During this period, the lake changed site for microbial mat formation. Therefore, we analysed the 
from subsaline into hypersaline. In early spring, abundant granulometric composition of both lakes; the results are 
growth occurred of aquatic macrophytes at low salinity and shown in figure 5 .  It turned out that both compositions are 
no mats were found. However, the macrophytes died massi- only slightly different. However, a clear difference was 
vely upon increasing salinity and, subsequently, thin micro- observed with respect to the fractions of small size (up to 
bial mats formed by Anabaena colonised the sediments. 0.1 mm diameter): these fraction were of negligable impor- 
Below the cyanobacterial layer, a white layer was found tance in "La Muerte", but amounted up to 20 % in "Piñol". 
which consisted of the chemotrophic sulphur bacterium 
Beggiatoa. A schematic drawing of mat microbial popula- 
tion is shown in figure 3. The succession started in shalow 
areas near the shore where hypersaline conditions were esta- 
blished earliest. 
As can be apreciated from figure 1, microbial mats have 
not been found in al1 Spanish inland saline or alkaline lakes. 
Obviously, more microbial mats will be discovered in the 
future when more intensive studies will be performed. 
DISCUSSION AND PERSPECTIVES FOR 
FUTURE RESEARCH 
So far, the study on microbial mats of the inland saline 
lakes in Spain has been mainly descriptive as it has been in 
general for the microbial mats in inland saline lakes 
(BAULD, 198 1; BAULD, 1986). Presently, with respect to 
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the lberian Peninsula, we posses a fairly complete know- 
legde of the distribution and variability of microbial rnats in 
the inland saline lakes (see fig. 1). Especially, the Aragonés 
center, the basins in la Mancha, and the lakes in Coca have 
been visited very intensively. In contrast, Andalucian lakes 
received less attention so far, and consequently, in the near 
future, new mats may be discovered in this region. Nevert- 
heless, the data obtained, represent valuable information on 
the distribution of rriicrobial mats and will serve as a basis to 
address several questions with respect to microbial mat 
formation and dynamics. 
The ubiquitous benthic cyanobacterium Mi(~r.oco1c~lr.s 
c~kthorloplast~.~ turned out to be a very succesful organism 
in inland lakes. This organism formed cohesive mats in the 
permanent hypersaline Lake Chiprana, in several of the 
temporal shallow lakes of high salinity, and also in the 
unique subsaline soda lake "Caballo Alba". As a matter of 
fact, Mic~rocolezrs chthoriop1uste.s was the mat-forming 
cyanobacterium in most submerged cohesive mats in the 
inland lakes. Mic~roc~o1eu.s c~hthonoplastes is also common in 
the coastal environment; it occurs both in supratidal marine 
mats (ESTEVE et al., 1992) as well as in coastal salinas at 
salinities from about 80  up to 140 g/L (THOMAS, 1984; 
DE WIT & GRIMALT, 1992). In addition, in coastal sali- 
nas, very consistent mats of Aphunolher.~ spp. and Chroma- 
tiaceae are found at salinities ranging from 150 to 300 g/L. 
These very high salinities, however, do not occur for prolon- 
ged periods in the inland saline lakes. 
The tolerance of Miel-oc~o1eu.s (~htko/~opla.stc~.s to very 
alkaline conditions in "Caballo Alba", is not a surprise. 
Microelectrode studies demostrated that highly alkaline 
conditions often occur during daytime in the cyanobacterial 
layer of the mats and must be attributed to a very high rate 
of C0,-fixation (REVSBECH et al., 1983). 
Bivalent cations at high concentrations, especially 
M&*+, may be toxic and can inhibit growth. It has been 
reported, that the sensitivity towards these cations is 
actually increased at higher salinities, and that cyanobac- 
teria are only able to grow at 4 mM NaCl when bivalent 
cations are absent (BAAS BECKING. 1931 cited in 
BAULD, 198 1 ). Nevertheless, abundant Mic~r.o(~olcos mats 
were found in Lake Chiprana at 70 g/L salinity with Mg2+ 
as the predominant cation. Obviously, the actual Mg2+ 
tolerance has to be assessed in more detail in growth expe- 
riments. It may turn out that this tolerance is actually strüin 
specific, when studying strains from Mg*+ poor and Mg2+ 
rich environments. Such studies are very relevant for the 
understanding of evolution in bacteria1 species. The inland 
salt lakes constitute an ideal study object since they 
provide an enormous variation within a geographically 
relatively small area. 
In several lakes, microbial mats only occurred as very 
thin layers on exposed sediments. These mats with 0.sc'illa- 
rol-in spp. os Anc~haencr sp. as the dominant species, became 
detached from the sediment upon temporal flooding in 
subsaline water. Apparently, in these mats the ability to 
maintain cohesiveness in subsaline water is indeed a limi- 
ting factor for its occurrence. In contrast, the Microc,oIeu.s 
arid Gloeocapsa sp. mats in more saline waters maintained 
cohesiveness and remained adhered to the sediment throug- 
hout the inundation period. 
Microbial mats in inland saline lakes are exposed to 
strong variations of the salinity (2.5 t 5-fold see fig. 2), such 
in clear contrast to the mats found in the coastal salinas. 
Apparently, Mic,l-ocole~ls c.hthonop1a.ste.s is adapted to fluc- 
tuating environmental conditions, but it is also competitive 
under very constant conditions. In the inland lakes, two stra- 
tegies have been observed which allow the cyanobacteria to 
cope with the fluctuating conditions. Firstly, cohesive 
submerged mats of Microc~o1eu.s c,hthonoplastes and Gloeo- 
czpsn formed drought crust which survive the dry periods 
and which rapidly become active again upon wetting. 
Secondly, the cyanobacteriu'm Anuhoerla in "La Albardiosa" 
did not survive the adverse subsaline periods, but demons- 
trated a very rapid colonisation rate upon the establishment 
of the favourable conditions. 
Mats with heterocystous cyanobacteria as the mat- 
forming organisms are very rase, even in inland lakes 
(BAULD, 1981). STAL & KRUMBEIN (1985) reported 
that non-heterocystous filamentous cyanobacteria in micro- 
bial mats are actively fixing nitrogen during limited periods 
of the dial cycle, thus achieving a temporal separation 
between incompatible oxygen production and nitrogen fixa- 
tion. S o  far, it remains to be investigated why in lake "La 
Albardiosa" the heterocystous Anahaerla sp. predominates 
over such non-heterocystous species. 
This study confirmed that at low salinities up to 40 g/L 
the macrophytes rnainly Rzrppia maritimc~ are more compe- 
titive than the microbial mats, but at higher salinities the 
reverse occurs. Similar observations have been reported for 
coastal salinas (THOMAS, 1984; DE WIT & GRIMALT, 
1992). In the lake "La Albardiosa" a very interesting cycli- 
cal succession was observcd which was directly related to 
salinity changes. Surprisingly, in lake Chiprana, the micro- 
bial mats occurred together with prairies of Rzrppia mai.itimu 
at salinities fluctuating from 30 to 75 g/L (see fig. 2). The 
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Figure 5.  Si/e distrihutioii ot tlie ~eiliiiiciit pnrticlc\ (top 10 cm) in 
two hypersaline temporal lakes in "Loa Monegros" Aragón. B«th 
lakes are separated by 500 m and have similar climatic and salinity 
conditions. The sediments of lake "La Muerte" are completely cove- 
red by microbial mats: in contrast, microbial mats are always absent 
in lake "Piñol". 
actual competition between these entities has to be studied 
in more detail. 
As shown above, the study of microbial mats in the 
diverse inland lakes can significantly contribute to study 
several ecological, physiological and genetic questions, 
which are not easily addressed in the coastal environments. 
Nevertheless, more experimental studies wili be required 
to entangle these questions. The information actually avai- 
lable represents a valuable basis to choose the relevant rese- 
arch objects and sites. It is, however, highly important 
to maintain the enormous variability found among diffe- 
rent inland saline lakes. Therefore, we discuss its actual 
state of conservation and future perspectives in the follo- 
wing section. 
THE URGENT NEED FOR A CONSERVATION 
POLICY OF THE SPANISH INLAND SALINE 
LAKES 
The inland saline lakes possess very important naturalis- 
tic, scientific, esthetic, economic and cultural values as has 
been mentioned by various authors (HAMMER, 1986; 
WILLIAMS, 1986; GONZALEZ BERNALDEZ, 1987). 
With respect to its scientific values, these lakes are espe- 
cially important study objects for microbial ecology, 
because of their interesting microbial ecosystems. Espe- 
cially, as aforementioned, the study of microbial mats in 
inland saline lakes may contribute to a better understanding 
of the general features of these ecosystems. Due to the high 
population densities and their conspicuous features come of 
which can even be appreciated with the naked eye, the 
microbial mats in saline environments represent ideal study 
cites which can be succesfully studied with current techni- 
ques available in microbial ecology. As such, these mats can 
be studied as model systems, thus allowing to enlarge gene- 
ral knowledge on microbial ecology. Comparably. in the 
United States, the study of microbial ecosystems in extre- 
mely thermal environments greatly expanded general know- 
ledge on general microbiology and microbial ecology 
(BROCK, 1978). 
Unfortunately, the conservation of the inland saline lakes 
is highly threatened. The general conservation problematics 
are described by MONTES & MARTINO (1987), and have 
been discussed at local scientific meetings (GUERRERO et 
al.. 1992). The saline lakes have suffered form contamina- 
tion and eutrophication by discharge of waste water. 
Presently, large scale extraction of brines causes great 
damage in some hypersaline lakes. In contrast, traditional 
small scale salt harvesting in salinas connected with saline 
lakes can be compatible with the conservation of these lakes 
and may even give sise to interesting habitats for microbes 
such as ponds for extremely halophilic archabacteria (DE 
WIT & GRIMALT, 1992). The recent large scale extension 
of agricultural irrigation has a very negative impact on the 
water regime of the saline lakes. Depending on the local 
conditions, irrigation can lead either to the increase of the 
water mass and concurrent desalination due to runoff, os to 
a drop in the ground water table resulting in increasing sali- 
nities and shorter inundation periods. 
The interesting microbial mat ecosystems, which have 
been described in this Chapter, constitute a valuable element 
of the inland saline lakes. Therefore, we believe it is esssen- 
tial to conserve these lakes for future generations and coun- 
teract the various abovementioned negative developments. 
Unfortunately, microorganisms and microbial ecosystems 
often have not been taken into account when establishing 
priorities for wetland preservation. We  believe that the 
presence of original microbial ecosystems highly justifies a 
conservation of these wetlands in their natural state. 
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